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ABSTRACT 

MAE  behavior  of  ferromagnetic  materials  was  investigated  as  a  function  of 
test  temperature.  MAE  intensity  wss  zero  slightly  above  the  Cnrie  temperature 
and  its  temperature-dependence  above  300  E  was  correlated  with  temperature- 
induced  changes  in  saturation  magnetic  induction  and  saturation 
magnetostriction.  Low  temperature  behavior  was  quite  different  and  was 
attributed  to  effects  of  microdomains.  The  origins  of  these  observations  are 
discussed  in  terms  of  mechanisms  deduced  from  various  experiments  correlating 
magnetic  and  AE  behavior  in  a  number  of  ferromagneic  materials. 


INTRODUCTION 

In  our  previous  studies  / 1,2/,  magnetomechanical  acoustic  emission  (MAE) 
has  been  shown  to  originate  from  two  principal  sources.  One  is  due  to  domain 
boundary  displacement  and  contributes  to  pre-saturation  MAE  (Type  I) .  The  other 
appears  to  arise  from  microdomains  (Neel  spikes)  and  producea  post-saturation 
MAE  (Type  II).  Since  temperature  affects  various  magnetic  parameters,  we  have 
investigated  temperature  dependence  of  MAE  behavior  of  Ni  and  two  Fe-Ni  alloys 
(36%  and  47%  Ni) .  Results  are  generally  consistent  with  expected  behavior  of 
the  two  types  of  MAE  signals. 


EXPERIMENTAL  PROCEDURES 


Sheet  samples  were  used  with  a  magnetic  yoke  arrangement  (Fig.  1).  The 
arms  of  the  yoke  was  extended  into  an  insulated  ohamber  so  that  a  sample  could 
be  heated  by  an  electrical  heater  or  cooled  by  vaporised  liquid  nitrogen.  The 
magnetic  field  at  60  Hz  was  applied  parallel  to  the  sample  axis  and  a  waveguide 
was  used  to  isolate  a  sensor  from  the  hot  or  cold  zone.  The  sensor  was  AET 
MAC300  having  a  broad-band  response  in  the  range  100-400  kHz.  Filter  bandwidth 
was  30  to  2000  kHz.  Other  experimental  details  were  basically  identical  to 


those  reported  elsewhere  fl,2l . 


Fig.  1.  Magnetic  yoke  arrangement 
for  MAE  and  magnetic  properties 
measurements. 
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Magnetic  field  dependence  of  MAE  intensities  (ns  voltage)  of  nickel  at 
several  teaperatures  are  shown  in  Fig.  2.  These  experiments  were  conducted 
under  isothenal  conditions.  MAE  levels  at  weak  fields  were  relatively 
unaffected  by  a  lovering  of  test  teaperature,  but  saturation  MAE  levels  vere 
significantly  increased  at  low  teaperatures.  On  the  other  hand.  MAE  levels  both 
at  weak  fields  and  at  saturation  vere  decreased  as  teaperaure  vas  elevated.  As 
the  field  vas  increased  further  beyond  the  plateau  region,  MAE  intensity 
exhibited  ano|her  rise.  Above  the  critical  field,  H  ,  post-saturation  MAE  is 
initiated.  H  can  be  obtained  by  direct  vavefon  observation.  Teaperature 
effect  on  H*  vas  saall  in  the  range  -27*  to  40*C,  but  H*  increased  sharply 
betveen  -27*  and  -95*C.  Above  40*C,  H*  decreased  vith  increasing  teaperature. 
Teaperature  dependence  of  saturation  MAE  level  and  saturation  aagnetic  induction 
of  annealed  nickel  (800*C  anneal)  are  shovn  in  Fig.  3  for  the  teaperature  range 
froa  -120*  to  358*C.  Saturation  MAE  level  and  B  have  been  nomalixed  by  their 
respective  values  at  25*C.  The  teaperature  scale  is  normalised  by  the  Curie 
teaperature,  Tq.  Belov  0.6  T  the  rate  of  change  of  B  vith  teaperature  vas 
slov;  however,  MAE  level  roseCsteeply  vith  decreasing  teaperature.  Above  0.6  T£ 

,  the  saturation  aagnetisation  level  vas  lowered  as  teaperature  increased, 
approaching  xero  at  T  .  Saturation  MAE  levels  also  decreased  vith  teaperature, 
but  at  a  faster  rate  than  B(.  The  saturation  MAE  level  diainished  at  slightly 
above  Tc> 


Fig.  2.  Teaperature  and  field  Fig.  3.  Teaperature  dependence  of 

dependence  of  MAE  intensities  for  saturation  MAE  level,  X  and  B  for 

nickel,  annealed  at  800*C,  1/2  hr.  annealed  nickel  (800*C,  1/2  hr*. 


b.  Fe-Nl  alloys 

MAE  signal  intensities  and  saturation  aagnetic  inductions  of  two  annealed 
Fe-Ni  alloys  vere  neasured  as  a  function  of  field  strength  in  the  teaperature 
range  froa  23*  to  160*C.  Typical  curves  of  signal  intensity  as  a  function  of 
applied  field  axe  shovn  for  Fe-47%Ni  in  Fig.  4.  The  effect  of  increasing 
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Fi*.  4.  Temperature  .ad  field  Fij.  5  H*  a.  «  function  of 

dependence  of  MAE  intensity  for  temperature  for  Fe-Ni  alloys. 

Fe-47%Ni. 

temperature  was  to  reduce  the  overall  MAE  intensities  at  low  fields  up  to  the 
initial  plateau  in  MAE  level,  and  to  decrease  the  saturation  level.  At  103*C 
(0.66  T  ).  the  level  of  MAE  at  saturation  for  Fe-36%Ni  was  approximately  601  of 
its  value  at  28*C.  Similarly,  the  saturation  level  of  MAE  for  Fe-47%Ni  at  142*C 
was  reduced  to  63%  of  its  value  at  27*C  (Fig.  4) .  Saturation  magnetic  induction 
was  also  decreased  by  increasing  temperature;  B(  at  103*C  was  decreased  to  74% 
of  its  room  temperature  value  for  Fe-36%Ni.  The  rate  of  decrease  in  B#  with 
temperature  was  less  rapid  than  that  for  MAE  intensity.  When  Fe-36%Ni  had 
undergone  a  26%  change  in  B  at  0.66  T#,  its  MAE  level  was  reduced  to  50%  of  its 
ambient  temperature  level.  The  effect  was  more  pronounced  in  the  Fe-47%Ni  alloy 
for  which  a  7%  temperature-induced  change  in  B  was  accompanied  by  a  40% 
decrease  in  MAE  intensity.  Measured  values  of  fi*  are  shown  as  a  function  of 
temperature  for  these  two  Fe-Ni  alloys  in  Fig.  5.  A  strong  temperature 
dependence  of  H*  for  Fe-36%Ni  was  observed  where  H*  was  reduced  by  40%  by 
elevating  the  temperature  from  25*  to  100*C. 


DISCUSSION 

The  temperature  effects  on  two  types  of  MAE  will  be  considered.  First, 
the  temperature  dependence  of  saturation  MAE  level  will  be  examined.  Following 
the  discussions  presented  elsewhere,  the  intensity  of  MAE  signals  is  expected  to 
depend  on  temperature- induced  change  in  magnetostriction,  X.  The  magnitude  of 
the  magnetostriction  constants  usually  decreases  with  increasing  temperature  and 
approaches  zero  at  Tq.  Second,  the  influence  of  temperature  on  the  appearance 
of  the  second  MAE  peak  will  be  studied.  Since  this  phenomenon  takes  place  near 
the  shoulder  of  the  hysteresis  loop,  it  is  reasonable  to  expect  that  its 
behavior  may  reflect  the  temperature  dependence  of  magnetocrystalline  anisotropy 
energy.  In  cubic  crystals,  the  temperature  dependence  of  X  is  generally  not  as 
strong  as  that  for  magnetocrystalline  anisotropy.  Magnetoelastic  energy  depends 
on  the  second-order  terms  of  the  direction  cosines  of  magnetisation  vectors, 
whereas  the  anisotropy  energy  starts  with  fourth-order  terms. 


Fig.  6.  Saturation  MAE  level  aa  a 
function  of  A#  for  nickel.  These 
values  are  normalized  by  respective 
room  temperature  values. 


a.  Nickel 


Saturation  magnetoatriction,  X#,  of  polycrystalline  Ni  has  been  measured 
as  a  function  of  temperature  by  a  number  of  investigators.  In  addition, 
theoretical  calculations  of  magnetostrictive  constants  have  been  made  by 
Vonsovaky  / 3/  who  postulated  a  law  of  temperature  dependence  of  magnetoatriction 
which  can  be  expressed  as  A  «  B  .  The  relationship  holds  well  when  the  effects 
of  spin-orbit  interaction  within  the  atcma  are  negligible.  Measurements  of  X 
for  Ni  made  by  Doring  / 4/  confirmed  that  this  expression  holds  well  for  Ni.  lie 
decrease  in  the  saturation  MAE  level.  (MAE)(,  between  room  temperature  and  Tc 
can  be  correlated  with  the  reduction  X  in  this  temperature  range.  (MAE)  ,  and 
B  and  X  at  a  given  temperature  have  been  normalized  by  their  respective  room 
temperature  values  in  Fig.  6.  A  proportionality  can  be  established  between 
(MAE)  and  A#  quantities  for  temperatures  above  0.6  T  .  However,  the 
relationship  between  MAE  levels  and  X  values  falls  snort  of  the  linear 
dependence  as  shown  by  a  deviation  from  the  dashed  line  in  Fig.  6.  Aside  from  a 
reduction  in  A#  with  increasing  temperature,  domain  size  is  known  to  decrease  at 
elevated  temperatures  / 5/ .  Domain  size,  in  turn,  limits  the  volume  swept  out  by 
each  abrupt  jump  of  a  moving  domain  boundary,  which  is  directly  proportional  to 
MAE  intensity.  Thus,  a  decrease  in  domain  size  at  high  temperatures  contributes 
to  the  higher  rate  of  decrease  in  MAE  level  than  would  otherwise  be  expected 
from  the  reduction  in  X(  alone.  The  rapid  increase  in  MAE  level  below  Tc  cannot 
be  properly  accounted  for  by  a  straight  forward  correlation  with 
magnetoatriction  change.  Recent  experiment  shows  that  high  temperature  annealing 
of  nickel  eliminates  this  low  temperature  increase  in  MAE  level,  suggesting  that 
inclusions  and  grain  boundaries  play  an  important  role  as  obstacles  to  domain 
boundary  motion  at  low  temperatures.  Domain  wall  position  and  its  movement  in 
the  presence  of  a  magnetic  field  depend  on  the  profile  of  the  energy  barrier 
existing  in  the  material.  In  his  theory  of  coercive  force,  Neel  /6,7/ 
calculated  this  energy  by  considering  the  magnetic  poles  associated  with 


fluctuations  in  the  direction  of  magnetization  caused  by  variations  in  elastic 
stress  and  the  fluctuations  in  intensity  of  aagnetization  associated  with  non¬ 
magnetic  inclusions.  In  a  aaterial  with  large  Kj  and  saall  X  the  energy  is 
associated  with  non-magnetic  inclusions;  on  the  other  hand,  a  material  with 
small  Cj  and  large  X  ,  the  energy  is  predominantly  determined  by  fluctuations  in 
strain.  Due  to  the  strong  temperature  dependence  of  C.  in  Ni,  the  above  cases 
are  applicable  to  describing  the  temperature  dependence  of  its  coercivity.  When 
the  influence  of  non-magnetic  inclusions  predominate,  H  is  proportional  to  the 
quantity  dj/B#)v",  where  v"  is  the  volume  fraction  of  inclusions.  Vhen  Kj  is 
small  and  X  is  large,  H  is  proportional  to  (X^Oj/B  )v',  where  er^  and  v*  are 
the  magnitude  of  internal  stresses  and  the  volume  fraction  of  material  subjected 
to  oi#  respectively.  Above  ambient  temperatures,  Kj  is  small  for  nickel  and 
inclusions  have  negligible  effect  on  H  .  As  the  magnitude  of  increases  at 
low  temperatures,  the  influence  of  inclusions  on  coercivity  becomes  increasingly 
important.  At  -100*C,  exhibits  a  ten-fold  increase  over  its  value  at  20*C. 

Inclusions  can  contribute  to  the  observed  low  temperature  increase  in  MAE  level 
in  two  ways:  (1)  by  interacting  with  domain  wall  motion  and  (2)  by  increasing 
the  volume  of  90*  domains.  Strong  pinning  of  the  moving  domain  boundaries 
causes  pinned  down  segments  to  bow-out  to  a  critical  radius  and  eventually  lead 
to  its  quick  release  from  pinning  points.  The  jump  in  domain  wall  occurs  more 
abruptly,  resulting  in  a  decrease  in  the  rise  time  over  which  the  accompanying 
inelastic  strain  takes  place.  MAE  intensity  has  been  shown  to  vary  inversely 
with  rise  time.  Thus,  strong  pinning  of  domain  walls  by  inclusions  and  grain 
boundaries  can  lead  to  an  increase  in  MAE  level.  Secondly,  as  a  consequence  of 
the  free  magnetic  poles  on  the  surface  of  non-magnetic  inclusions,  they  tend  to 
create  new  90*  domain  walls  in  order  to  minimize  the  overall  magnetostatic 
energy.  A  linear  relation  has  been  found  between  coercivity  and  the  volume  of 
90*  domains  in  grain-oriented  Fe-Si  alloys  / 8/ .  Since  the  motion  of  90*  domain 
walls  creates  magnetostrictive  strain  change,  the  source  of  MAE.  is  increased  by 
the  presence  of  inclusions. 


Following  the  relationship  between  MAE  and  Xg  established  for  Ni,  a 
similar  correlation  can  be  expected  as  a  function  of  temperature  in  Fe-Ni 
alloys.  The  fractional  changes  in  saturation  MAE  level  and  X  over  their 
respective  room  temperature  values  indicates  one-to-one  relationship  between 
these  quantities.  Although  direct  measurement  of  magnetostriction  as  a  function 
of  temperature  is  unavailable  for  Fe-Ni  alloys,  a  decrease  in  X(  with 
temperature  can  be  expected  from  the  reduction  in  B  .  For  small  changes  in 
Bs(Bs/Bs  £j.  >  0.80),  the  room  temperature  relationship  between  and  B  was 
assumed  in  order  to  estimate  the  temperature- induced  changes  in  magnetostriction 
based  on  the  value  of  Bg  at  the  particular  temperature.  When  Bg  changes  are 
large  (B  /Bg  ™  <  0.80),  X(  values  cannot  be  approximated  by  the  same  B  curve 
because  the  latter  significantly  deviate  from  the  magnetically  saturated 
condition  and  complicated  assumptions  become  necessary  concerning  the 
distribution  of  various  magnetization  processes  at  a  function  of  magnetization 
intensity.  Moreover,  it  follows  from  the  temperature  dependence  of  K.  that  this 
distribution  is  expected  to  change  with  temperature  even  at  a  constant 
magnetization  level. 

The  deviation  exhibited  by  the  experimental  data  arise  from  the  combined 
effects  of  decreasing  domain  size  and  increasing  contribution  due  to  post¬ 
saturation  magnetization  processes  at  elevated  temperatures.  A  comparison  of 
the  domain  sizes  in  Fe-50*Ni  at  10* ,  235*.  250*  and  300*C  shows  a  tendency  for 
domain  refinement  with  increasing  temperature  / 5/ .  Smaller  domain  size  limits 
the  volume  swept  for  each  domain  wall  jump,  thereby  reducing  the  source  volume 


of  MAE  signals.  Secondly,  I  values  of  Fe-3d%Ni  and  Fe-47%Ni  alloys  are  saall 
and  tie  saturation  level  of  MAE  aust  include  a  significant  contribution  from 
magnetisation  of  saall  island  doaains.  At  bigh  teaperatures,  anisotropy  energy 
is  further  reduced  so  that  even  greater  post-saturation  contribution  is 
expected. 

It  has  been  established  that  the  field  required  to  achieve  nominal 
saturation  is  equal  to  the  quantity  2  Ij/B,.  Since  T  of  Fe-3«ftNi  is  543*1,  B 
is  substantially  reduced  even  at  aoderately  high  teaperatures.  Temperature 
effects  on  the  theoreticsl  saturation  field  strengths,  H(sat),  shoes  that  H(sat) 
near  100*C  is  approximately  half  of  that  at  25*C.  The  ainiaua  field  strength 
necessary  to  observe  a  second  peak  in  the  MAE  waveform  is  always  larger  than 
H(sat).  This  result  suggests  that  the  source  of  this  Type  II  MAE  operates  only 
in  well-saturated  regions  of  the  hysteresis  loop  where  the  change  in  aagnetic 
induction  with  field  strength  is  saall,  implying  that  the  voluaes  being 
aagnetixed  are  saall. 


<h _ Temperature  effect  on  post-saturation  MAE 

Since  the  magnitudes  of  the  anisotropy  constants,  and  L,  generally 
decrease  with  increasing  tsaperature,  we  expect  doaain  vector  rotation  and 
post-saturation  aagnetic  processes  to  occur  aore  readily  at  elevated 
teaperatures.  The  saturation  aagnetic  field  level  will  also  depend  on  the 
teapersture  dependence  of  magnetisation  vectors,  M.  A  change  in  tsaperature  not 
only  alters  the  aagnitude  of  L,  but  can  also  change  its  sign.  A  sign  change 
suggests  a  change  in  the  relative  order  of  easy,  aediun  and  hard  axes  of 
magnetisation.  For  instance,  the  easy  axes  of  pure  nickel  change  froa  <111>  at 
room  temperature  to  <100>  at  teaperatures  above  200*C.  Below  rooa  temperature, 
the  easy  axes  lie  along  <111>  directions,  where  anisotropy  energy  Efc  is  * 
aininua.  The  value  of  E.  beooaes  aore  negative  as  temperature  is  lowered, 
suggesting  increasing  stability  of  M  along  <111>  directions.  In  other  words, 
rotation  of  M  out  of  the  easy  directions  beeoaes  aore  difficult  at  low 
teaperatures.  The  ainiaua  in  E.  st  [111]  is  significantly  reduced  at  20*C  and 
it  is  virtually  eliainated  at  150*C.  This  implies  that  magnetisation  rotation 
and  macroscopic  saturation  csn  be  attained  st  a  lover  driving  force  for 
aagnetisation  at  elevated  teaperatures.  It  follows  that  post-saturation 
magnetisation  processes  can  take  place  at  lower  applied  fields.  The  field 
dependence  of  MAE  intensities  (Fig.  2)  shows  the  seoond  increase  in  MAE  level  at 
approximately  7  kA/a  at  170*C  and  8  kA/a  at  38*C.  Belov  24*C,  no  such  increase 
in  MAE  level  was  observed  for  field  strengths  less  than  9  kA/a.  These  results 
are  consistent  with  the  decrease  in  E.  above  24*C  and  the  increase  in  E^  below 
aabient  teaperatures.  The  critiosl  field  at  which  post-saturation  MAE  signals 
is  initiated,  H*,  is  equivalent  to  a  coercive  force,  Hq,  acting  to  overcome  the 
gradient  of  the  total  energy  associated  with  obstacles  to  doaain  notion. 
According  to  Neel,  the  teaperature  dependence  of  coeroive  force  in  Ni  can  be 
separated  into  three  regions  of  behavior.  At  low  temperatures  (below  -50*0, 
effects  of  noar-aagnetic  inclusion  dominate  the  behavior  of  H  whose  aagnitude  is 
proportional  to  the  quantity  (K^/B  )v"  (Region  I),  where  v”  Is  the  voluae 
fraction  of  inclusions.  In  the'interaediats  teapersture  range  (-50*  to  4-100*0, 
the  contribution  due  to  inclusions  diminishes  (Region  II).  The  aagnitude  of 
reaains  substantial  at  these  teaperatures  and  fluctuations  in  internal  strain 
becoae  increasingly  important  in  Region  II.  The  letter's  contribution  to  H  is 
proportional  to  (A^Oj/EjB^v'  where  o^  and  v'  are  the  internal  stresses  and  the 
voluae  fraction  of  notarial  subjected  to  oi#  respectively.  The  coabined  effects 
of  inclusions  and  internal  stress  influence  the  behavior  of  1  st  intermediate 
teaperatures.  The  first  of  these  decreases  aonotonicslly  with  teapersture.  The 
internal  stress  contribution,  on  the  other  hand,  increases  with  tsaperaturs 


within  Region  II.  A*  E.  become  snail  above  50*C,  temperature  dependence  of 
is  dominated  by  tbe  influence  of  internal  stresses  since  is  large  in  Ni. 

Thus,  in  tbe  high  temperature  range  (Region  III),  H  becomes  proportional  to 
(A#Oi/B#  )v'. 

The  observed  temperature  dependence  for  nickel  annealed  at  800*C  implies 
the  change  in  crystal  anisotropy  with  temperature  below  -30*C  (Region  I) .  In 
the  intermediate  temperature  range  between  -30*  and  +30*C  where  a  three-fold 
deereaee  in  E^  values  occurs,  H*  was  almost  independent  of  temperature.  This 
corresponds  to  the  behavior  within  Region  II,  where  the  effects  of  impurities 
and  internal  stresses  on  H*  are  additive.  Above  S0*C,  the  magnitude  of  E^  is 
very  small  but  H*  decreases  with  temperature  as  the  effects  of  internal  stress 
govern  the  temperature  dependence  of  H*  (Region  III) .  The  role  of  imparities  on 
the  low  temperature  behavior  of  B*  was  verified  by  comparing  the  temperature 
dependence  of  H*  for  Ni  annealed  at  800*C  for  1  hour  and  1300*C  for  3  hours. 

The  main  change  between  these  two  materials  is  grain  sise.  Grain  boundaries  are 
apparently  acting  like  inclusions  or  impurities  in  producing  microdomains  or 
island  domains.  While  this  interpretation  needs  to  be  supported  further,  the 
basic  interpretation  of  MAE  as  related  to  H*  is  consistent  with  Neel's  theory. 


The  temperature  dependence  data  of  E,  for  Invar  alloys  (Fe-36%Ni)  from 
various  published  sources  shows  considerable  disagreement  /9-11/.  It  has  been 
suggested  that  Et  for  this  alloy  may  be  strongly  influenced  by  impurity  content, 
composition  and  thermal  treatment.  The  anisotropy  energy,  E.,  of  this  alloy  is 
essentiully  independent  of  the  vulue  of  E.  .  I.  for  Fe-47%Ni  is  not  strongly 
temperature  sensitive  in  the  range  0*  to  I40*C,  but  E2  is  strongly  affected  by 
temperature  111/.  The  easy  axis  of  magnetization  for  this  alloy  is  [100];  but 
[Oil],  rather  than  [111],  is  the  hard  axis.  Consequently,  higher  order  terms 
involving  E«  must  be  included  in  evaluating  the  E.  profile.  The  reduction  in 
the  magnitude  of  Ej^  with  temperature  in  both  Fe-Ni  alloys  is  expected  to  promote 
easier  rotstion  of  the  magnetization  vectors  and  decrease  the  field  strength  for 
macroscopic  saturation.  However,  the  value  of  E^  is  too  small,  even  at  ambient 
temperatures,  to  expect  it  to  influence  the  coercive  force  of  these  alloys.  As 
a  consequence  of  their  relatively  high  X  values,  internal  stresses  are  more 
likely  to  interact  with  domain  walls.  The  observed  temperature  dependence  of  H* 
for  Fe-36%Ni  (Fig.  5)  corresponds  to  the  predicted  behavior  of  coercive  force 
within  Regions  II  and  III,  where  internal  stress  effects  dominate.  The  nearly 
constant  value  of  H*  for  Fe-47%Ni  suggests  the  behavior  expected  within  Region 
II.  In  comparing  the  temperature  effects  on  H*  for  Fe-36%Ni  and  Fe-47%Ni,  the 
former  tends  to  indicate  greater  temperature  dependence  above  75*C.  This  result 
is  a  consequence  of  the  lower  Curie  point  of  Fe-36%Ni  (T  =  270*0 .  The 
magnitude  of  E-  of  this  alloy  approaches  zero  at  127*.  H*  follows  the 
characteristic  behavior  of  Region  III  where  the  effects  of  internal  stress 
dominate.  The  higher  Curie  point  of  Fe-47%Ni  (Tq  =  540*0  and  the  slower  rate 
of  decrease  of  E.,  with  temperature  tend  to  widen  the  temperature  range  in  which 
Region  II  behavior  is  exhibited.  Thus,  the  value  of  H*  for  Fe-47%Ni  displayed 
only  a  9%  change  over  the  temperature  range  25*  to  100*C. 


CONCLUSIONS 


1.  Saturation  MAE  level  of  Ni  and  Fe-Ni  alloys  decreased  with  increasing 

temperature.  The  observed  changes  in  MAE  (of  Type  I)  intensity  closely 
folloed  the  variation  in  saturation  magnetostriction.  This  observation  is 
consistent  with  our  interpretation  of  Type  I  MAE;  i.e.,  the  motion  of  90* 
domain  walls. 
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Magnetic  field  levels  (H  ),  above  which  poet- saturation  (Type  II)  MAE  is 
observed,  decreased  with  increasing  teaperature.  The  origin  of  Type  II 
NAB  is  suggested  to  be  due  to  the  eliaiaation  of  saell  doaaina  associated 
with  various  obstacles.  Type  IZ  MAE  behavior  parallels  that  of  eoersive 
forces  which  has  been  rationalised  by  Neel  theory  using  the  concept  of 
Neel  spikes  (or  aicrodoaains) . 

Grain  sire  of  Ni  saaples  affected  both  Type  I  (saturation  MAE  level)  and 
Type  II  (I*)  MAE  behavior.  These  paraaeters  increased  substantially  as 
test  teaperature  was  lowered  below  rooa  taaperature  (~  T#/2)  in  fine¬ 
grained  saaples,  whereas  these  reaained  constant  in  coarse-grained 
saaples.  The  increases  observed  at  low  teaperatures  appear  to  arise  froa 
aicrodoaains  at  grain  boundaries.  These  produce  pinning  and  unpinning  of 
doaain  boundaries,  increasing  Type  I  MAE.  Their  own  notion,  rotation  and 
disappearance  contribute  to  Type  II  MAE. 
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ABSTRACT 

Acoustic  Emission  (AE)  behavior  of  woven  roving  glass-epoxy  coaposites  was 
investigated  in  order  to  characterize  the  various  failure  mechanises  operating 
during  tensile  loading.  Both  notched  and  unnotched  samples  were  tested  along 
five  different  directions:  0*.  15#,  25#,  35*  and  43*  with  respect  to  one  the 
fiber  directions. 

Resin  pockets  at  cross-over  points  in  the  woven  structure  and  transverse 
fiber-matrix  interfaces  failed  at  relatively  low  strains.  The  tensile  fracture 
of  fibers  occurred  at  higher  strains.  The  amplitude  distribution  of  AE  signals 
generated  changed  as  the  strain  waa  increased.  Initially,  a  single  peak, 
centered  around  34  dB  (re.  1  pV)  was  observed.  Above  90%  of  the  failure 
strain,  high  amplitude  events  became  active  at  about  60  dB.  For  unnotched 
samples,  many  of  the  emissions  up  to  the  ultimate  failure  were  of  this  amplitude 
and  a  double  peak  distribution  resulted.  The  notched  samples  did  not  exhibit 
the  double  peak  behavior. 

Fractographic  observations  lead  us  to  conclude  that  the  lower  amplitude 
emissions  are  characteristic  of  matrix  cracking  and/or  interfacial  separation 
and  that  the  higher  amplitude  signals  indicate  fiber  breakages.  These  results 
are  in  accord  with  reported  results  for  other  composite  systems  and  can  be 
employed  to  investigate  more  complex  failure  processes  in  glass-epoxy 
composites. 


INTRODUCTION 

A  widespread  deployment  of  advanced  composites  in  high  performance 
structures  had  led  to  a  search  for  new  material  systems  (i.e.,  reinforcement, 
matrix  and  their  relative  geometry)  for  specific  applications.  The  structural 
efficiency  of  fabric  reinforced  composites  is  lover  when  compared  with 
u,  directional  laminates.  However,  lower  fabrication  costs  and  versatile 
properties  have  made  them  attractive  for  structural  applications  / 1/ . 

Successful  utilization  of  such  a  composite  material  system,  the  understanding  of 
the  mechanics  of  which  has  not  been  fully  established  yet,  requires  reliable 
quality  control  procedures.  Essential  in  the  development  of  such  procedures  is 
1  the  identification  of  correlations  between  relevant  failure  mechanisms  and 

destructive  and  nondestructive  testing  parameters.  Microstructural  damage 
growth  due  to  he  loading  of  composite  structures  is  complex  and  means  capable  of 
distinguishing  between  various  failure  modes  must  be  established.  Acoustic 
emission  (AE)  techniques,  the  amplitude  distribution  analysis  in  particular,  are 
capable  of  characterising  different  failure  modes  in  a  variety  of  composite 
l  material  systems;  e.g.,  Kevlar-epoxy  111,  glass-epoxy  /3/  and  carbon-epoxy  141. 

Most  of  AE  studies  on  composites  have  dealt  with  filament  wound  tanks  and 
pipings  or  laminates  of  unidirectional  laminae,  while  fabric  reinforced  systems 
have  not  received  adequate  attention.  In  the  present  study,  mechanical  and 
acoustic  emission  behaviors  of  woven  roving  glass-epoxy  composites  were 
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investigated.  Our  objective  is  to  characterize  varions  failure  mechanisms 
operating  during  tensile  loading  of  these  woven  laminates  by  means  of  their 
acoustic  emission  amplitude  distributions. 


CTPRBTMENTAI. 

Specimens  were  prepared  from  commercially  available  sheets  of  woven  roving 
glass-epoxy  composites  (Electroply,  Grade  GEE-101  per  MIL-P-13949F/4B  GFN) . 

Each  sheet  consists  of  13  plies  of  plain  weave  cloth  with  fiber  weight  fraction 
of  0.38.  Straight  sided  tensile  specimens  with  end  tabs,  17.2  mm  wide,  230  mm 
long,  were  cut  from  2.36  mm  thick  plates  with  their  sides  either  parallel  to  one 
of  the  fiber  directions  (0*  samples)  or  at  an  angle  to  the  fiber  direction.  The 
angles  used  for  the  different  samples  were  15*.  25*,  35s  and  45*.  Notched 
samples  were  25  mm  wide  and  had  90*  notches  on  both  sides  to  a  depth  of  3.9  mm, 
so  that  the  ligament  width  (between  the  two  notches)  was  17.2  mm.  An  Instron 
(Model  TT)  with  serrated-jaw  wedge  grips  was  employed  at  a  constant  cross-head 
speed  of  0.02  mm/ s  in  room  air  at  ambient  temperature. 


AE  characteristics  evsluated  daring  tensile  testing  were  totalized  AE 
event  counts,  rms  voltsges  and  the  peak  amplitude  distribution  of  AE  signals.  A 
resonant  type  transducer  (Model  AC  175L,  Acoustic  Emission  Technology 
Corporation  [AET],  Sacramento,  California)  and  a  preamplifier  with  125-250  kHz 
filter  (Model  160,  AET)  were  used  for  all  AE  measurements.  The  transducer  was 
aooustical ly  coupled  to  the  broad  face  of  the  tensile  samples  using  a  viscous 
resin.  For  the  AE  event  count  measurements  and  the  amplitude  distribution 
analysis,  a  microcomputer  based  AE  instrusientation  (Model  5000,  AET)  was 
employed.  A  true  rms  voltmeter  (Model  3400A,  Hewlett-Packard)  was  used  for  the 
rms  voltage  measurements. 


Fig.  1 


Stress  vs.  time  and  rms  voltage  vs.  time  curves  for  notched  and 
unnotched  0*  samples.  (Note  different  stress  scales  and  change  in 
rat  voltage  scale  for  unnotched  sample.) 


RESULTS  AND  DISCUSSION 

Characteristic  stress  vs.  tiae  sad  ras  voltage  vs.  tiae  curves  for  both 
notched  and  unnotched  0*  saaples  are  shown  in  Fig.  1. 

The  curves  for  all  the  saaples  loaded  at  an  aente  angle  with  respeot  to  the 
fiber  direction  are  qualitatively  siailar  and  are  exeaplified  in  Fig.  2.  Then 
0*  saaples  were  loaded,  it  was  observed  that  the  stress  increased  linearly  np  to 
the  failure  of  the  saaples.  In  all  other  cases,  when  inclined  saaples  were 
loaded,  a  non-linear  behavior  followed  the  initial  linear  slope,  auch  like  the 
stress-strain  curves  of  ductile  alloys.  The  deviation  froa  linearity  reached  a 
aaxiaua  for  the  35*  saaples.  For  plain  weave  eoaposites,  this  behavior  was 
explained  by  eaploying  the  undulation  aodel  111 .  The  aodel  which  utilises  the 
aaxiaua  strain  criterion  assuaes  that  the  first  failures  upon  loading  are 
transverse  internal  splits  which  occur  at  the  center  of  the  bundle  undulation 
when  the  strain  in  this  region  exceeds  the  transverse  bundle  failure  strain, 
Subsequently,  the  failed  areas  propagate  as  the  load  (and  hence  the  local 
strains)  increases. 

In  all  the  unnotched  saaples  several  severe  load  drops  were  noticed  during 
stressing.  A  total  elongation  for  these  saaples  was  as  high  as  32  aa  (for 
unnotched  35°  saaples  of  113  aa  gage  length).  Values  of  total  elongation  were 
auch  snail er  (about  4  aa)  for  all  the  notched  saaples.  The  fracture  stress  for 
the  unnotched  saaples  decreased,  as  the  fiber  angle  increased,  froa  301  MPa  (0* 
saaples)  to  138  MPa  (45*  saaples).  This  reduction  was  less  in  the  notched 
saaples,  changing  froa  157  MPa  (0*  saaples)  to  96  MPa  (45*  saaples).  These 
values  also  indicate  notch  sensitivity  in  all  the  experiaental  conditions 
studied.  All  the  saaples  failed  without  exhibiting  a  "knee"  in  the  stress- 
strain  curve,  which  is  characteristic  of  transverse  cracking  in  croas-ply 
laainates.  This  is  in  accord  with  Harris  et  al.  / 5/  and  in  contrast  to  McGarry 
and  Desai  / 6/  who  observed  a  "knee”  in  both  woven  and  non-woven  laainates. 


Fig.  2  Stress  vs.  tiae  and  ras  voltage  vs.  tiae  for  notched  and  unnotched 

35*  saaples.  (Note  change  in  ras  voltage  scale  for  unnotched 
saaple,  and  the  fact  that  only  part  of  the  record  is  shown.) 
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Both  the  ras  voltage  level  and  the  total  AE  event  eonnts  for  all  the 
saaples  increased  with  the  tensile  strain,  gradually  in  the  beginning  and  very 
steeply  as  the  failure  strain  was  approached.  All  ras  voltage  curves  were 
modulated  by  nuaerous  burst  eaission  spikes,  the  nuaber  and  intensity  of  which 
increased  with  the  strain  level. 

In  spite  of  these  qualitative  similarities  in  the  AE  behavior  of  the 
different  experimental  conditions  studied,  soae  differences  were  noticed. 

First,  as  can  be  seen  froa  Figs.  1  and  2,  distinct  differences  in  the  AE 
behavior  parallels  the  different  mechanical  behavior  of  notched  and  unnotched 
samples.  The  ras  voltage  level  of  all  the  notched  aaaplea  initially  increased 
gradually  up  to  about  8  pV.  At  about  80%  of  the  failure  strain,  a  sharp 
increase  in  the  ras  voltage  level  was  noted  which  exceeded  32  pV. before  the 
ultiaate  failure.  The  total  event  counts  for  all  the  notched  saaples  were  in 
the  range  of  45,000  ±  6,000  and  the  AE  instrumentation  was  capable  of  processing 
about  70%  of  these  events,  that  is,  only  31,000  ±  9,000  events  were  analyzed  by 
the  AE  aicrocoaputer  based  system,  as  to  their  characteristics,  such  as  peak 
aaplitude. 

When  coaparing  this  behavior  to  that  of  the  unnotched  saaples,  the  AE 
activity  of  the  unnotched  saaples  was  clearly  aore  pronounced,  total  event 
counts  detected  increased  froa  167,400  (0*  unnotched  saaple)  to  over  503,000 
(45*,  unnotched  saaple).  Becauae  of  the  high  aetivitiea,  the  AE  inatruaentation 
processed  less  than  half  of  these  events.  The  ras  voltage  level  of  the 
unnotched  and  inclined  saaples  (which  is  exeaplified  in  Fig.  2,  raised  to  a 
level  of  about  6  pV  immediately  upon  loading  and  reaained  at  thia  level  well 
into  the  non-linear  region  (of  the  stresa  vs.  displacement  curve).  At  this 
point  the  ras  voltage  level  increaaed  sharply  as  a  result  of  soae  increases  in 
the  peak  aaplitude  but  aainly  due  to  drastic  increase  in  event  rate.  This 
increase  in  event  rate  aade  it  inpossible  for  the  AE  instraaentation  to 
distinguish  between  different  events  thus  resulting  in  a  decrease  in  the  AE 
count  rate.  The  aaxiaua  ras  voltage  reached  at  failure  increased  froa  levels 
exceeding  50  pV. (15*  unnotched  saaples)  to  160  pV: (45*  unnotched  saaples). 

The  differences  in  the  AE  activity  were  also  aanifested  in  the  peak 
aaplitude  distribution  for  notched  and  unnotched  saaples.  For  exaaple,  the 
distribution  for  the  whole  test  of  the  notched  35*  saaple  exhibited  a  major  peak 
(about  2900  events)  around  34  dB  (re.  1  pV)  and  a  high  aaplitude  trail  elevated 
to  a  level  of  about  700  events  starting  at  around  48  dB,  (Fig.  3a.)  In  contrast, 
two  peaks  having  essentially  identical  heights  of  10,000  to  15,000  events  were 
observed  in  the  distribution  for  the  unnotched  35*  saaple.  Fig.  3b.  The  first 
coincided  with  the  34  dB  peak  and  the  second  was  centered  around  60  dB.  The 
height  of  the  first  peak  for  all  notched  saaples  was  in  the  range  of  2000  to 
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Fig.  3  AE  peak  aaplitude  distribution  for  the  entire  loading  period  of  35* 

saaples. 
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Fig.  4  AE  peak  amplitude  distribution  for  an  unnotched  3S*  ssaple  loaded  «p 

to  0.4  sf. 

3000  events.  However,  the  Height  of  the  high  aaplitnde  tail  increased  from  SO 
events  for  the  0°  ssaple  to  about  700  events  for  the  35*  ssaple. 

In  order  to  ascertain  the  origin  of  these  differences,  the  AE  peak 
aaplitnde  distribution  was  deterained,  using  both  notched  and  unnotched  saaples, 
as  a  function  of  tensile  strain.  It  was  found  that,  up  to  about  90  %  of  the 
failure  strain,  the  peak  aaplitnde  distribution  for  aost  saaples  exhibits  a 
single  peak  centered  around  34  dB  (e.g..  Fig.  4).  Above  this  strain  level, 
higher  aaplitnde  AE  events  becaae  noticeable.  These  higher  aaplitnde  events 
occurred  over  a  longer  period  of  tine  and  increased  in  aaplitnde  fora  48  to  60 
dB  as  stressing  progressed  in  the  case  of  the  unnotched  saaples.  In  the  final 
peak  aaplitnde  distribution  this  produced  two  strong  peaks  for  the  unaotched 
saaples.  For  the  notched  saaples,  however,  the  nuaber  of  high  aaplitnde 
eaissions  was  liaited  and  only  produced  an  elevated  tail  at  high  aaplitudes. 

The  fracture  surfaces  produced  during  tensile  loading  were  exaained 
visually  and  in  the  scanning  electron  microscope  (SEM).  The  macroscopic  crack 
profiles  of  all  the  experimental  conditions  tested  are  ahown  in  Fig.  5.  A 
gradual  discoloration  was  noted  in  the  failed  unaotched  aaaples  which  reached  a 
aaxiaua  for  the  35*  unnotched  samples.  This  appearance  is  indicative  of 
significant  damage  throughout  the  entire  gage  section,  which  explains  the 
difference  of  about  one  order  of  magnitude  in  the  total  event  counts  between 
unnotched  and  notched  saaplea.  For  the  latter,  damage  is  mostly  localised  in 
the  fractured  plane  and  no  significant  discoloration  waa  observed.  In  order  to 
verify  whether  the  damage  in  the  discolored  regions  is  limited  to  matrix 


Fig.  5 


Macroscopic  crack  profile  of  all  experimental  conditions  tested 


Fig.  6  SEN  microgarphs  (bowing  broken  fibers  in  the  woven  glees  roving  in  e 

region  renote  from  the  nein  fracture  surface  of  e  35*  unnotched 
sample. 

cracking  and  delamination  or  includes  also  fiber  breakage,  the  matrix  of  a 
sample  from  this  area  was  burnt  off.  The  remaining  woven  glass  roving  were 
examined  optically  and  in  the  SEN.  Another  sample  was  loaded  to  a  point  where 
the  higher  amplitude  emissions  just  started  to  become  noticeable.  Burning  off 
the  matrix  and  examining  the  remaining  woven  glass  roving,  we  found  a  few  broken 
fibers,  the  number  of  which  was  comparable  to  a  virgin  sample.  On  the  other 
hand.  Figure  6  contains  typical  micrographs  which  were  taken  from  the  fractured 
sample.  These  clearly  demonstrate  the  fact  that  fiber  breakage  took  place. 

These  observations  show  that  fiber  fractures  accompany  the  high  amplitude 
emissions  and  that  only  matrix  cracking  and  fiber-matrix  debonding  are 
responsible  for  the  low  amplitude  emissions.  It  is  interesting  to  note  that 
both  fill  and  warp  fibers  have  cracked  in  Fig.  6.  This  finding  might  explain 
the  increase  in  AE  activity  with  testing  angle  for  the  unnotched  samples.  As 
the  angle  increases  the  probability  of  fiber  failure  increases  since  both  warp 
and  fill  fibers  are  loaded. 

Figure  7  contains  SEN  fractographs  typical  of  the  fracture  surfaces  of  the 
notched  0*  and  35*  samples.  In  both  cases  the  fracture  surfaces  have  a  brittle 
appearance  at  low  magnification  consisting  of  damaged  transverse  bundles, 
brittle  matrix  fracture  and  few  short  pullouts.  The  crack  traverses  resin 
pockets  at  cross-over  points  in  the  woven  structure,  transverse  fiber-matrix 
interfaces  (both  within  bundles  and  at  bundle-matrix  boundaries),  and 
longitudinal  fiber  bundles.  In  the  case  of  the  35*  samples,  the  transverse 
fiber  bundles  contain  numerous  cracks,  which  are  probably  due  to  the  fact  that 
in  the  inclined  geometry  both  longitudinal  and  transverse  fibers  experience 
tensile  stresses.  Thus,  it  is  reasonable  to  assume  that  these  additional 
transverse  fibers  fractures  in  the  inclined  samples  «re  responsible  for  the 
higher  intensity  of  the  second  peak  in  the  amplitude  distribution  for  this 
loading  geometry. 

The  observed  AE  and  mechanical  behavior  of  the  composites  in  the  different 
experimental  conditions  utilizied  in  this  study  can  be  explained  by  considering 
the  following  sequence  of  events  that  occur  upon  loading: 

When  the  woven  roving  glass  epoxy  oomposites  which  contain  bundles  of 
crimped  fibers  are  stressed,  the  tensile  component  attempts  to  straighten  out 
the  undulation  in  the  stressed  bundles.  If  load  is  applied  at  an  acute  angle  to 
the  fiber  direction,  the  tensile  stress  also  causes  fiber  rotation  so  that  the 


Fig.  7  Typical  SEN  fractographs  showag  the  fractgura  surfaces  of  Botched  0* 

and  35*  a  an  plea. 

aaglc  between  (both  the  fill  and  warp)  fibers  aad  the  loading  direction 
decreases.  Each  of  these  two  phenomena  imposes  high  local  compressive  stresses 
on  the  resin  pockets  which  ultimately  cause  matrix  cracking.  In  addition, 
friction  is  indneed  between  the  rotating  fibers  aad  matrix.  The  friction 
eventually  can  damage  the  fibers  aad  iaereasea  with  loading  angle  and  streas 
level.  Another  failure  mode  that  is  operative  at  low  strains  is  in  the  fora  of 
transverse  internal  splits  which  occur  at  the  center  of  the  bundles  undulation 
as  discussed  earlier.  These  mechanisms  persist  throughout  the  entire  loading 
period.  However,  when  local  straina  build  up  sufficiently,  fiber  fractures 
commence  in  increasing  numbers,  leading  to  the  ultimate  failure  of  the  saaplea. 

In  the  uanotched  saaplea,  conaiderable  matrix  damage  along  the  entire  gage 
length  precedes  the  final  stage  of  fiber  fracture  whioh  occurs  at  relatively 
high  aacroatrains  of  up  to  25%.  This  level  of  tensile  strain  is  mostly  due  to 
fiber  rotation,  straightening  out  of  crimped  bundles  and  matrix  eraekiag.  Thus, 
fiber  aierostrains  build  up  over  the  entire  gage  section  after  the  sample  has 
undergone  considerable  elongation.  Conversely,  the  aierostrains  in  the  notched 
samples  are  elevated  rapidly  ahead  of  the  notehes  due  to  the  significant  strain 
concentration  effect  of  the  notches.  This  causes  low  tensile  elongation 
resulting  in  little  matrix  damage  before  the  fibers  (and  henee  the  sample)  fail, 
aad  the  entire  damaged  xone  is  localised  between  the  notches.  This  sequence  of 
events  explains  the  vast  differences  in  ductility  between  the  notched  aad 


motchtd  tuples.  The  differences  in  the  duage  tone  else,  i.e.,  the  entire 
gage  length  for  nnnotched  tuples  »s.  locslised  region  between  the  notches  for 
notched  tuples,  scconnt  for  the  ltrge  differences  in  the  totnl  event  touts. 


The  present  findings  pose  s  potential ly  serions  liaitstion  in  applying  AE 
techniques  to  ths  integrity  Monitoring  of  woven  eoaposite  structures.  When  a 
strength- impairing  notch  exists,  the  expected  nwnber  of  AE  events  is  drastically 
reduced.  The  uplitude  distribution  also  lacks  a  high  uplitude  peak,  often 
considered  ss  a  neasure  of  progreasive  fiber  duages.  Extra  precaution  in  the 
interpretation  of  AE  results  is  therefore  advised  when  notohes  are  present  in  a 
structure. 

Consequently,  the  higher  uplitude  uissions  indicate  fiber  breakages 
whereas  the  lower  uplitude  signals  are  characteristic  of  aatrix  cracking  and/or 
interfacial  separation.  This  conclusion  is  in  line  with  the  theoretical 
prediction  /I /  that  resin  pockets  and  trusverse  fiber-matrix  interfaces  fail  at 
relatively  low  strains  followed  by  longitudinal  fibers  fracture  at  higher 
strains. 


S10NS 


1.  Higher  uplitude  uissions  detected  during  tensile  loading  of  woven  glaas 
epoxy  cosiposites  in  the  range  of  48  to  60  dB  (re.  1  |iV)  are  characteristic 
of  fiber  breskage. 

2.  Lover  uplitude  signals  (around  34  dB)  indicate  Matrix  cracking  and/or 
interfacial  separation. 

3.  The  presence  of  notohes  drastically  alters  the  nuber  of  AE  events  and  the 
peak  uplitude  distribution. 
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ABSTBACT 

AE  behavior  of  A533B  steel  vss  investigated  daring  fraetare  tests  as  a 
faaotion  of  test  teaperatnre.  Pre-cracked  aad  as-aotched  Charpy  sloe  bead  tests 
were  ased.  Tests  were  also  iaterraptsd  aad  fraetographie  iaforaatioa  was 
obtaiaed.  Vsrioas  AE  paraaeters  vers  deteraiaed  asiag  a  aioroooapatsr-based  AE 
iastraaeatatioa  and  related  to  aeohaaioal  and  topological  data.  Ia  addition, 
orientation  dependence  aad  effects  of  heat  treataeat  were  stadied.  The 
teaperatare-depeadeace  of  AE  events  was  vastly  diffsreat  between  the  LT  aad  ST 
orieatations.  On  the  other  head,  pre-cracked  aad  as-aotched  saaples  had  siailar 
teaperatnre  dependences,  bat  with  different  levels  of  AE  events. 

These  findings  were  interpreted  ia  terns  of  several  fraetare  aeehaaisas 
aad  will  be  discassed  in  detail.  It  is  noteworthy  that  AB  due  to  dactile  orack 
growth  is  baried  aaoag  those  froa  iaclnsion  decohesion. 


IMIMPTCnflH 

Previoas  stadies  have  indicated  that  low  alloy  steels  exhibit  aaisotropio 
acoastic  eaission  (AE)  behavior  daring  deformation  aad  fraetare  /1.2/.  Sack  AE 
behavior  has  been  attribated  to  the  presence  of  aoaaetallie  iaolasioas.  Daring 
fraetare  tests,  short-traasverse  (ST  in  terns  of  the  ASTM  desigaatioa) 
orientation  saaples  eaitted  burst- type  AE  sigaals  which  persisted  frea  the 
elastic  region  to  aaxiaan  load.  The  AE  soaree  has  been  established  to  be  the 
decohesioa  of  elongated  MnS  iaolasioas.  On  the  other  head,  loagitadiaal  (LT) 
orientation  saaples  exhibited  a  aach  lower  AB  activity.  The  AE  activity  was 
aost  proninent  only  at  general  yield,  aad  is  dae  to  plastic  deforaatioa  aad 
eertaia  dactile  fraetare  aeehaaisas. 

To  extead  farther  the  aadsrstaadiag  of  the  fraotare-iadaced  AE  behavior  of 
A533B  steel,  three-poiat  bead  tests  were  performed  ia  this  sta4f  as  a  faaotion 
of  test  tsmperatare.  The  resalts  iadioated  that  ST  saaples  generated  larger 
event  ooaats  than  LT  saaples  at  all  tsaperatares.  Ia  addition,  test 
taaperatares  have  aiaor  effeots  oa  the  eveat  coaats  of  both  LT  aad  ST  saaples 
except  at  low  tsaperatares  when  ST  staples  prodaoed  less  events  than  at  high 
tsaperatares.  Oecarrsace  of  cleavage  fraetare  oaa  be  identified  by  the 
appearance  of  large-aaplitade  AB  events. 

Fraetographie  analysis  shows  that  A333B  steel  aadergoes  different 
deforaatioa  aad  fraetare  processes  daring  fraetare  testing,  depending  oa  the 
heat-trestaent  aad  speeiaen  orieatatioa.  AB  asasareasats  daring  saoh  a  test 
reveal  AE  sigaals  with  a  variety  of  peak  aaplitade  distribatioa  characteristics. 

Ia  order  to  correlate  fraetare  aeehaaisas  and  the  AB  signals  they  enit,  we 
perforaed  slow-bend  tests  oa  qaenehed  (Q)  aad  qaeaehed  aad  teapered  (QT) 
saaples.  To  isolate  the  fraetare  processes,  iaterraptsd  tests  were  coadaoted 
whereby  saaples  were  loaded  to  seleoted  load  levels,  aaloaded  aad  fraetared  by 
impact  (at  -19<*C)  to  reveal  the  fraetare  sarfaees.  Froa  AE  aeasareaeats  aad 


post-test  fraetogrephic  analysis,  the  AE  signals  associated  with  each  fraetare 
aeehanisa  were  then  identified.  The  resalts  shoved  that  tear  and  shear  fraetare 
processes  as  veil  as  aicrovoid  coalescence  eaitted  lov-aaplitade  AE  events,  vith 
peek  anplitvde  values  sinilsr  to  those  froa  plastio  deforaatioa.  Quasi-el eevage 
and  cleavage  processes  eaitted  high- amplitude  events,  in  agreaaeat  vith  results 
reported  in  the  literature. 

Decohesion  of  MaS  inclusions  has  been  ahovn  to  generate  AE  events  vith  a 
broad  range  of  aaplitndes,  vith  their  peak  aaplitade  distributions  having  the 
characteristic  Veibull  distribution.  Vhea  decohesion  occurs,  AE  events  from 
this  process  vould  overvhela  those  froa  plastic  deforaatioa  or  froa  such 
fracture  processes  as  tear,  shear  or  aicrovoid  coalescence;  only  cleavage  or 
quasi-cleavage  fracture  can  be  separated  on  the  basis  of  peak  amplitude. 
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The  aaterial  used  in  this  study  is  a  lov-alloy  ASTM  A533B  Class  1  steel 
plate  of  165  aa  thickness.  The  oheaical  composition  (vt.%)  consists  of  0.18C, 
0.25  Si.  1.43  Mn,  0.013  P,  0.005  S.  0.50  No,  0.66  Ni.  0.28  Cr.  0.01  Cu.  Pe 
(balance).  Standard  Charpy  V-notch  saaples  (10  x  10  z  55  an)  vere  used. 

Details  about  test  procedures  can  bs  found  elsevhere  /2/ .  Two  specimen 
orientations  vere  selected:  LT  and  ST.  The  specimens  vere  given  one  of  three 
heat-treataents:  Q  (930*C,  1  hr,  oil-quenched).  QT  (930*C,  1  hr.  oil-quenched 
♦  650*C,  24  hr,  oil-quenched)  or  NT  (930*C,  1  hr,  air-cooled  +  650*C,  24  hr, 
furaaoe-cooled) .  Some  of  the  speoiaens  vere  fatigued  on  an  ETI  rotary  bending 
machine  to  introduce  preeraoks  of  1  aa.  For  tests  above  roon  teaperature,  the 
specimens  vere  heated  by  incandescent  light  bulbs;  for  tests  bolov  roan 
teaperature,  they  vere  immersed  in  n-propyl  alcohol  vhich  vas  cooled  by  liquid 
nitrogen. 

The  AE  parameters  evaluated  vere  cumulative  AE  event  counts,  ras  voltage 
and  peak  aaplitude  distribution  of  AE  signals.  AE  aeasuraaents  vere  obtained 
using  a  175-kHz  resonant  transducer  (AET  Corporation  AC  175L)  and  a  preaaplifier 
(60  dB  gain)  vith  125-250  kHz  filter.  The  transducer  vas  coupled  to  specimen 
using  a  stainless  steel  vaveguide.  A  true  ras  voltaeter  provided  the  ras 
voltage  data.  AE  event  counts  aeasuraaents  sad  peek  aaplitude  distribution 
analysis  vere  obtained  froa  a  aieroeoaputez-based  AE  instrumentation  (AET 
Corporation  Model  5000)  and  an  aaplitude  distribution  analyzer  (AET  Corporation 
Model  203).  The  input  noise  level  vas  1.4  |iV.  The  threshold  value  for  both 
Model  5000  and  Model  203  vas  15  pV. 


Boca  teaperature  tests  of  ST-orientation  saaples  in  the  normalized  and 
taapered  conditions  (hereafter  referred  to  as  NT/ST  saaples)  vith  preeraoks 
shoved  active  AE  behavior  beginning  at  the  preersok  load  of  4.4  kN  and 
persisting  to  aaxiaua  load.  AE  signals  vainly  oonsist  of  burst  eaissions  vhich 
are  represented  by  numerous  ras  voltage  spikes  and  are  due  to  the  debonding  of 
MaB  inclusions.  NT/LT  saaples  exhibited  s  coapletely  different  AE  behavior. 

Most  of  the  AE  aotivity  vas  of  the  continuous  type  and  vas  confined  to  the 
vicinity  of  general  yield,  vhere  the  ras  voltage  curve  shoved  a  peak.  The  ras 
voltage  curve  also  contained  nuaerous  spikes,  especially  after  aaxiaua  load. 

The  AE  behaviors  of  these  NT  saaples  are  siailar  to  those  of  the  corresponding 
as-received  saaples  /2/. 

Testing  of  NT/ST  saaples  at  tseperatures  between  -75*  and  150*C  yielded  AE 
behaviors  vhich  sre  generally  siailar  to  the  room  teaperature  behavior  of  the 
saaples  of  corresponding  orientation.  However,  one  iaportent  feature  at  low 
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Fig.  1  Load  ud  AE  data  for  prooraekod  NT/ ST 
aaaplaa  toatod  at  a)  -75"C  and  b)  150*C. 
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temperatures  should  be  noted.  Vhen  tested  at  -50*  or  -75*C.  the  precracked 
samples  fraotured  by  cleavage  at  load  levels  near  general  yielding,  while  a  few 
samples  failed  after  some  plastio  deformation.  The  AE  and  load  data  for  tests 
at  -75*C  and  150*C  are  shown  in  Fig.  1. 

Figure  2  shows  the  effects  of  test  temperature  on  the  cumulative  event 
counts  of  preeraeked  LT  and  ST  samples.  For  NT/ ST  samples,  their  event  counts 
between  -25*  and  150*C  lie  within  a  scatter  band  between  1400  and  2700  events. 
This  implies  that  the  source  of  burst  emissions  in  these  samples,  namely,  MnS 
inclusion  decohesion,  is  temperature  independent  at  or  above  -25*C  and  agrees 
with  the  concept  that  the  inclusion  decohesion  process  is  stress-eontrolled  111 , 
As  long  as  stresses  acting  on  MaS  inclusion  surfaces  exceed  the  critical  stress 
for  debonding,  the  inclusion  would  separate  from  the  matrix,  regardless  of  test 
temperature,  producing  a  burst  amission.  At  -50*  and  -75*C,  the  event  counts 
have  values  between  500  and  1500  events.  Since  the  event  counts  at  these  low 
temperatures  were  accumulated  to  the  point  of  specimen  failure  only,  the 
truncated  speeiamn  deflection  probably  accounted  for  the  reduced  number  of 
events.  In  addition,  cl savage- induced  AE  source  that  operates  at  these 
temperatures  did  not  generate  as  ussy  amissions  as  inclusion  deeoheaion. 

NT/LT  precracked  samples  showed  an  essentially  temperature  independent 
behavior  in  terms  of  AE  events.  Except  for  the  data  at  150*C,  all  the  event 
connts  data  fall  within  a  scatter  band  between  100  and  630  events.  It  is 
obvious  that  the  LT  samples  generated  much  lover  event  counts  than  their  ST 
'counterparts  at  the  same  test  tempersture.  In  fact,  for  the  entire  range  of 
test  temperatures  (except  for  the  test  at  150*C),  ST- samples  always  produced 
higher  event  counts  than  LT  samples. 

AE  signals  due  to  cleavage  have  high  peak  amplitudes,  typically  greater 
than  1  mV  13,61 .  From  the  amplitude  distribution  of  AE  signals,  we  oan  estimate 
the  events  due  to  cleavage  aa  those  with  peak  amplitudes  exceeding  1  mV.  The 
results  in  Fig.  3  indicate  the  large-amplitude  emissions  contributed  no  more 
than  20  events  per  test  and  that  they  were  not  detected  for  samples  tested  above 
-25*C.  The  number  of  events  is  reasonable  sinoe  immediately  after  cleavage 
oraoks  have  been  nucleated  in  front  of  the  crack  tip,  not  muoh  oraok  propagation 
is  required  before  final  failure  of  the  sample  occurs.  The  cleavage  crack  will 
extend  in  an  unstable  manner  if  the  local  tensile  stress  at  the  eraok  tip 
exceeds  the  critical  value  for  unstable  cleavage  13/ .  Nevertheless,  despite 
their  small  numbers,  the  large  emissions  are  clearly  identifiable  on  the 
amplitude  distribution  plots.  They  also  caused  the  slope  of  the  distributions 
to  deorease. 

Figures  4  to  9  show  the  fraetographs  of  the  various  fracture  mechanisms 
found  in  A533B  steel  and  the  peak  amplitude  distributions  of  the  associated  AE 
signals.  Figure  4  reveals  the  fraoture  surface  of  a  QT/LT  sample  which  is 
characterised  by  a  fibrous  fracture  sone  in  the  form  of  a  thumbnail  in  the 
center  of  the  sample.  The  thumbnail  crack  grew  in  the  center  of  the  sample 
where  maximum  constraint  existed.  Large  troughs,  indicative  of  previous  sites 
occupied  by  inclusions,  were  distributed  generously  within  the  fibrous  sone. 

They  were  aligned  perpendicular  to  the  crack  front  and  some  reached  lengths  of 
400  pm.  The  rest  of  the  surface  in  the  fibrous  sone  was  covered  by  finer 
dimples  of  about  1  to  2  |im  diameter  which  were  formed  by  microvoid  coalescence. 

The  AE  associated  with  dimple  fracture  oonsists  of  low  amplitude  emissions 
as  evident  in  the  amplitude  distribution  also  shown  in  Fig.  4.  The  amissions 
have  peak  amplitudes  between  27  and  47  dB,  with  a  majority  with  amplitudes  below 
39  dB.  Here,  0  dB  refers  to  1  jiV:  at  the  transducer.  Note  that  the  amplitude 
scale  used  in  Figs.  4-9  refers  to  0  dB  at  5  mV. that  requires  the  addition  of 
14  dB  in  order  to  oonvert  to  the  more  commonly  used  scale.  This  range  of  peak 
amplitude  is  similar  to  that  due  to  plastic  deformation. 


inclusions  sad  iaclusion-indncsd  troughs 
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Fracture  surface  sad  peak  aaplitade  distribation  for  Q/LT  aaaple  shoving  shear  dinples 
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Figure  5  shows  the  frsoturs  surface  sad  peek  aaplitude  distributioa  of  s 
QT/ST  saaple.  Like  the  QT/LT  staple  discussed  above,  the  frsoturs  surfsoe  of 
the  QT/ST  staple  is  chsrscterised  by  s  fibrous  xoae  ia  the  fora  of  a  thuabasil 
la  the  ceater  of  staple.  The  fibrous  tout  is  oovered  slaost  entirely  by  large 
iaelusion-induoed  troughs,  however,  sad  scat  of  thea  were  1  an  loag.  Seas  of  the 
isolations  have  been  ideatified  to  be  IfaS  sad  are  visible  ia  Fig.  5.  The  QT/ST 
as  well  as  NT/ ST  saaples  geaerated  burst  aaissioas  which  are  assoeiated  with  the 
deeohesioa  of  MaS  inelusion.  Their  AE  behaviors  are  active  sad  are  represented 
by  aoneroas  spikes  on  the  AB  ras  voltage  ourre  which  begias  as  soon  as  the 
loading  of  staple  eoaaeaees.  The  AE  aetivity  reaehes  a  peak  at  the  general  yield 
and  persists  to  aaxiaaa  load.  The  aaissioas  have  peak  aaplitudes  between  27  and 
54  dB.  as  iadieated  ia  Fig.  5f  a  aajority  of  the  aaissioas  have  peak  aaplitudes 
below  3d  dB.  Their  ewaulative  peak  aaplitude  distributions  show  the 
oharaeteristie  Veibull  distributioa  with  the  exponent  between  0.3  sad  0.4  /2.d/. 

The  fraetograph  in  Fig.  6  shows  clearly  the  nature  of  eraek  propagation 
froa  the  notch  root  of  a  Q/LT  staple  with  no  preeraok.  The  lover  part  of  the 
fraetograph  reveals  the  highly  distorted  surf see  of  the  aaehined  noteh,  where 
long  elongated  diaples  had  initiated  at  aultiple  sites.  The  ousps  of  these 
severely  distorted  diaples  point  towards  the  noteh.  Bxaaiaatioa  of  the  notching 
half  of  the  saaple  reveals  siailarly  pointed  diaples.  suggesting  that  they  were 
foraed  by  a  tearing  aeehaniaa.  The  diaples  foraed  an  extensive  streteh  zone 
between  30  and  50  mb  vide,  running  aeross  the  entire  speoiaen  width.  The 
streteh  zone  is  followed  by  a  region  containing  large  shear  diaples  whieh  are 
separated  by  finer,  round  diaples  (Fig.  7) . 

The  tear  and  shear  proeesaes.  which  occurred  before  or  during  general 
yielding  of  saaple.  geaerated  low-level  AB  ooasistiag  priaarily  of  low-intensity 
continuous-type  aaissioas.  These  aaissioas  have  peak  aaplitudes  ranging  froa  29 
to  45  dB  with  aost  events  between  30  and  40  dB,  as  shown  in  Figs.  6  and  7. 

Figure  S  shows  Quasi-olesvage  colonies  whieh  oeourred  near  the  noteh  root, 
but  beyond  the  shear  diaples  of  Fig.  7.  The  oleavage  facets  are  found  in 
saaples  that  were  loaded  to  near  or  beyond  the  aaxiaaa  load.  These  aaitted  high 
aaplitude  AE  signals  with  peak  aaplitudes  exceeding  100  pV.  Sine#  these  large 
missions  were  absent  in  saz'ples  that  did  not  contain  cleavage  faeets,  oleavage 
fracture  near  aaxiaaa  load  aust  have  geaerated  the  high  aaplitude  missions. 

This  agrees  with  Observations  reported  ia  the  literature  /S.4/.  The  high- 
intensity  voltage  spikes  caused  a  large  inerease  ia  the  umber  of  events.  This 
beeoaes  apparent  when  the  aaplitude  distributions  ia  Figs.  7  and  8  are  eeapared. 
The  largest  increase  ia  event  counts  occurred  during  the  falling  load  period, 
when  aaeroeraek  propagated  in  the  saaple.  The  aaereseopie  fracture  contributed 
about  30  to  93%  of  the  total  event  counts.  Sene  of  these  events  have  very  large 
aaplitudes  as  iadieated  by  their  peak  aaplitude  distributioa  in  Fig.  8. 

Although  events  with  peak  aaplitude  below  42  dB  still  doaiaated,  there  were  also 
■any  events  with  higher  aaplitudes,  including  sme  which  saturated  at  77  dB. 

The  appearance  of  the  large  aaplitude  events  caused  the  slope  of  the  euuulative 
aaplitude  distributioa  to  decrease. 

Figure  9  shows  the  cleavage  fraeture  surface  of  an  NT/ ST  saaple  tested  at 
-75*C.  The  saaple  failed  during  test  at  a  load  slightly  above  general  yield. 

The  surface  contains  cleavage  faeets  with  sme  duetile  tearing.  Secondary 
cracks  are  also  observed.  The  aaplitude  distributioa  for  this  saaple.  Fig.  9, 
indicates  the  presence  of  events  with  peak  aaplitude  up  to  74  dB.  Note  that 
Fig.  9  shows  the  ewaulative  peak  aaplitude  distribution  of  the  AB  signals. 

Bveats  with  peak  aaplitudes  above  1  nV  (go  dB)  differentiate  this  distributioa 
froa  the  Veibull  distributioa  oharaeteristie  for  MaS  inclusion  deeohesion.  The 
eleavage  fraeture  of  NT  saaples  accounted  for  about  15  to  70%  of  the  total  event 
counts.  Like  the  Q  saaples,  this  was  again  iadieated  by  a  juap  ia  the  total 
event  counts  during  the  failing  load  period. 


Proa  AE  unuatnti  lid  f raotograpkie  aaalyaia,  tkt  raagaa  of  tki  paak 
aaplitada  of  AE  aventa  froa  uriou  fraotura  aaokaaiaaa  war*  idaatifiad.  Ika 
ratal t a  indioata  that  taar/ akaar  or  diapla  fraotura  gaaaratad  AE  witk  paak 
aaplitudaa  ooaparabla  iu  raluac  to  tkoaa  froa  plaatlo  daf oraatloa.  Vkam 
iaoluaioa  dacokaaioa  ooeura,  tka  araat*  froa  tkla  prooaaa  would  obaeura  tkoaa 
froa  otkar  prooaaaaa  azoapt  for  araata  froa  alaaraga  fraotura. 
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1.  Teat  taaparatura  baa  littla  affaeta  azoapt  at  150*C  oa  tka  araat  oouata  of 
praoraekad  NT/LT  aaaplaa. 

2.  Ika  araat  oouata  of  praeraakad  NT/ ST  aaaplaa  vara  alaoat  iadapaadaat  of 
taaparaturaa  abora  -25*C,  iadloatiag  tkat  MaS  daookaaioa  prooaaa  ia 
taaparatura  iadapaadaat. 

3.  Taar  and  akaar  type a  of  duotila  oraoka  aad  aiororoid  eoalaaaaaoa  gaaaratad 
only  low- aaplitada  AE  araata  vitk  paak  aaplitudaa  balov  47  dB  (raf.  0  dB 
at  1  mV). 

4.  Quaai-olaaraga  and  alaaraga  prooaaaaa  aaittad  larga- aaplitada  AE  araata, 
aoaa  of  vkiok  kad  paak  aaplitudaa  batraam  54  aad  77  dB. 

5.  Whan  iaoluaioa  daookaaioa  ocourrad,  AE  araata  froa  tka  daookaaioa 
eoaplataly  buriad  aad  obaeurad  tkoaa  duo  to  taariag.  akaar  eraekiag  aad 
di^la  fraotura*. 
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